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ABSTRACT 

We present the first high time resolution light curves for six eclipses of the magnetic 
cataclysmic variable EP Dra, taken using the superconducting tunnel junction imager 
S-Cam2. The system shows a varying eclipse profile between consecutive eclipses over 
the two nights of observation. We attribute the variable stream eclipse after accretion 
region ingress to a variation in the amount and location of bright material in the accre- 
tion stream. This material creates an accretion curtain as it is threaded by many field 
lines along the accretion stream trajectory. We identify this as the cause of absorption 
evident in the light curves when the system is in a high accretion state. We do not see 
direct evidence in the light curves for an accretion spot on the white dwarf; however, 
the variation of the stream brightness with the brightness of the rapid decline in flux at 
eclipse ingress indicates the presence of some form of accretion region. This accretion 
region is most likely located at high colatitude on the white dwarf surface, forming an 
arc shape at the foot points of the many field lines channeling the accretion curtain. 

Key words: accretion, accretion discs — binaries: eclipsing — novae, cataclysmic 
variables — stars: individual: EP Dra — stars: magnetic fields 



1 INTRODUCTION 

Polars are a sub-class of magnetic cataclysmic variables. 
They are binary systems containing a strongly magnetic, ac- 
creting white dwarf primary (10—200 MG) and a late main 
sequence secondary. The magnetic field of the primary con- 
trols the flow of material lost from the secondary and pre- 
vents the formation of an accretion disk. The material is 
instead confined by the magnetic field and channeled to ac- 
crete directly on to the primary through a stand-off shock 
(see Cropper 1990 for a review of polars). 

The eclipsing nature of a small subset of these systems 
allows the isolation of the emission from different regions as 
various parts are eclipsed and revealed by the secondary. In 
particular these systems are well suited to the study of the 
brightness distribution of the accretion stream itself, as the 
emission from this part of the system can be isolated once 
the accretion region (or regions) has been eclipsed. 

In this paper we present the first high time resolution 
observations of the eclipses in the polar EP Dra using a de- 
tector with intrinsic time and energy resolution. The system 
has an orbital period of 104.6 minutes, and was identified 
as the optical counterpart to a hard X-ray source in the 



HEAO 1 survey by Remillard et al. (1991). The system is 
faint, with an average faint phase brightness of V~18 in 1992 
and 1995 and a maximum brightness of V~17 (Schwope & 
Mengel 1997; hereafter SM97), with evidence for accretion 
at one region only on the white dwarf primary (Remillard 
et al. 1991). 

Our observations were taken with the second prototype 
of a new generation of optical detector (S-Cam2) which uses 
superconducting tunnel junctions (STJs) to record the time 
of arrival, location on the array, and, uniquely, the energy 
of incident photons. For details of the instrumentation see 
e.g. Rando et al. (2000). Previous observations of close bi- 
nary systems made using S-Cam2 include UZ For (Perry- 
man et al. 2001), HU Aqr (Bridge et al. 2002) and IY UMa 
(Steeghs et al. 2002). 



2 OBSERVATIONS AND REDUCTIONS 

The observations were made at the William Herschel Tele- 
scope, La Palma, on the nights of 2000 October 2/3 and 
2000 October 3/4. The S-Cam2 instrument was located at 
the Nasmyth focus and a total of six eclipses of EP Dra 
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Table 1. Summary of observations of EP Dra for the nights of 2000 October 2/3 and 2000 October 3/4. Cycle numbers are with respect 
to the ephemeris of SM97. 



Cycle 


Date 


Start time 


Observation 


Time of mid-eclipse 


Time of mid-ingress 


Time of mid-cgrcss 


number 




(TDB) 


length (s) 


(TDB) 


(TDB) 


(TDB) 


(56900+) 




(2450000.0+) 




(2450000.0+) 


(2450000.0+) 


(2450000.0+) 


62 


2000 Oct 2 


1820.36254 


1496 


1820.37575 


1820.37382 


1820.37850 


63 


2000 Oct 2 


1820.44230 


1800 


1820.44840 


1820.44649 


1820.45128 


64 


2000 Oct 3 


1820.50681 


2523 


1820.52106 


1820.51913 


1820.52387 


76 


2000 Oct 3 


1821.38171 


2400 


1821.39294 


1821.39097 


1821.39572 


77 


2000 Oct 3 


1821.45653 


2111 


1821.46559 


1821.46368 


1821.46835 


78 


2000 Oct 4 


1821.53007 


1393 


1821.53825 


1821.53631 


1821.54112 



were obtained. Table 1 gives the cycle number (relative to 
the ephemeris of SM97), date, start time and length for 
each observation, as well as the time of mid-eclipse (defined 
as orbital phase <f> — 0.0), mid-ingress and mid-egress of 
the steep components of the eclipse (all times are in TDB, 
which includes light travel time correction to the solar sys- 
tem barycentre). Two of the observations (cycles 62 and 64) 
have data gaps caused by the instrument exceeding the data 
acquisition limits. 

The useful observational wavelength range of S-Carn2 
is 340—680 nm (Perryman et al. 2001). We split this wave- 
length range into four bands, which we label here as U 
(340-400 nm), B (390-490 nm), V (500-600 nm) and R c 
(590—680 nm) and which correspond very broadly to those 
of the Johnson- Cousins UBVR C system (Bessell 1990, and 
references therein). The light curves were background sub- 
tracted using a mean value from off-source pixels taken from 
the mid-eclipse phases. See Perryman et al. (2001) for a de- 
tailed discussion of the data reduction process. 

The 'white' light curves are shown in Figure 1 and 
UBVR c -bands in Figure 2. Each figure shows the three con- 
secutive eclipses for each of the two nights of the observa- 
tions. The right hand panel of Figure 1 shows the eclipse of 
the white dwarf, accretion region and accretion stream on 
an expanded scale, making the rapid changes at ingress and 
egress more clear. The U and R c light curves are binned 
in 4 s intervals and the B and V in 1 s. The light curves 
have been calibrated in energy units using observations of 
the standard star BD+28 4211, which were taken on the first 
night. A standard star was not observed on the second night 
so cycles 76 to 78 are only approximately calibrated. The 
maximum brightness is V ~ 17 at <j> = 1. 2, consistent with 
the maximum measured by SM97. 

The seeing for the first night was ~1.5 arcsec, and for 
the second night ~1 arcsec. Some of the variability in the 
eclipses of the first night may be in part due to the occa- 
sionally poorer seeing, causing the point spread function to 
spill over the edges of the 6x6 array. A number of sharp dip 
features (e.g. at <f> ~ 0.96 in cycle 62) can be attributed to 
this. 



3 LIGHT CURVE FEATURES 

3.1 White dwarf and accretion region eclipse 

The most prominent feature of the light curves is the eclipse 
of the white dwarf and accretion stream by the secondary 



between 4> = 0.972 and (j> — 1.04. The duration of the eclipse 
(measured between the middle of the steep eclipse compo- 
nents) is the same for all cycles, 6.8 minutes, equivalent to 
A<f> = 0.0646. 

The eclipse of the white dwarf photosphere and the ac- 
cretion region is very rapid. To characterise the rapid eclipse 
we binned the six white light curves into 3 s time bins, then 
for each time bin we subtracted the brightness of the pre- 
vious time bin. Figure 3 shows the mean of these six differ- 
ential light curves. The width of the complete ingress and 
egress of the white dwarf and accretion region is 36 s which 
is comparable to the expected ingress duration for the white 
dwarf of 37 s (assuming a primary mass Mi = 0.43 Mq and 
mass ratio q = 0.31; SM97). The amplitude of the brightness 
change at ingress is greatest at bluer wavelengths, which is 
as expected for a hot accretion region and white dwarf. 

HU Aqr (Bridge et al. 2002) and UZ For (Perry- 
man et al. 2001) show a rapid drop in flux at eclipse ingress 
lasting a few seconds, which is taken as evidence of a bright, 
compact accretion region. In contrast we see no evidence for 
such a rapid drop in EP Dra. However, there is some asym- 
metry in Figure 3 which implies the presence of an accretion 
region in some form. 

Following the rapid 36 s decline in brightness seen at 
ingress, the stream is the major contributor to the observed 
brightness, with only a small amount of emission from the 
secondary in the red. The presence of an accretion region 
is also evident from our observation that the amplitude of 
the rapid ingress varies with the brightness of the accretion 
stream, and this is illustrated in Figure 4. If there was no 
contribution from an accretion region, then we would expect 
no correlation. We therefore identify the rapid decline in flux 
with the eclipse of both the white dwarf and an accretion re- 
gion, despite the accretion region not being directly evident 
in the eclipse. By comparison with HU Aqr and UZ For, the 
absence of a compact accretion region is surprising. 

3.2 Stream eclipse 

In our light curves the stream eclipse ingress, from <f> ~ 0.975 
onwards, takes two forms: a long ingress from a relatively 
bright stream (cycles 62, 76 and 77) and a short ingress from 
a faint stream (cycles 63, 64 and 78). Figure 5 shows the 
eclipse profile of all six cycles, and the two forms of stream 
eclipse are clear. We also see that there is a decline in flux 
preceding the ingress of the white dwarf and accretion region 
in cycles 63 and 78 where the stream is relatively faint. 
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Figure 1. White light curves for EP Dra in 1 s time bins. Each cycle is offset vertically by 0.6xl0 -15 ergs s _1 cm~ 2 A -1 , and phased 
according to the ephemcris of SM97. The right hand panel shows the eclipse of the accretion region and stream in more detail, highlighting 
the variability between consecutive eclipses. Each cycle is offset vertically by 0.4xl0 -15 ergs s -1 cm -2 A -1 . 



3.3 Out of eclipse 

The prominent feature before and after the eclipse is the 
decline in brightness at phase <\> — 0.874 in cycle 76 and 
subsequent rise at 4> = 1.16. This is seen in all bands in 
Figure 2. The duration of the decline is ~ 100 s, ending at 
4> — 0.89. The reduced phase coverage in cycle 77 means 
that we cannot be certain that the feature at 0=0.88 is the 
same feature as that in the preceding cycle. However, the 
similarity in the shape of the light curve compared to that 
of cycle 76 and the location of the feature means that we 
proceed assuming they are the same. We refer to this pre- 
eclipse decline and post-eclipse rise as the 'trough'. 

There is a bright stream in cycle 76; however in cycle 78 
the stream is fainter and we identify the trough as starting 
at the later phase of 4> = 0.90. We also infer that the rise at 
4> — 1.08 in cycle 78 is the counterpart of that at = 1.16 
in cycle 76. 

Following the start of the trough, cycles 76 and 77 show 
a relatively flat light curve prior to the eclipse of the white 
dwarf. In cycles 62, 63 and 78, after 0=0.95, there is a decline 
in flux prior to the eclipse ingress. 

After the rapid egress of the white dwarf photosphere 
and accretion region at (f> = 1.04, there is no obvious stream 
egress in cycles 63 and 64, corresponding to a lack of a 
stream brightness at ingress. In cycles 76, 77 and 78 the 
accretion stream egress is seen as a gradual increase in flux, 
followed by a relatively flat light curve in cycles 76 and 77. 



4 DISCUSSION 

4.1 Accretion region location 

In determining the location of material confined to mag- 
netic field lines, the values chosen for i? M (the distance from 
the white dwarf at which material is threaded by the field 
lines), and the colatitude (angle measured from the spin axis 
of the white dwarf) and longitude of the accretion region are 
important. Two different estimates for the location of this 
region are proposed by Remillard et al. (1991) and SM97. 
Based primarily on their circular polarimetry data, Remil- 
lard et al. (1991) concluded that there was only one accretion 
region, at a colatitude of ~ 18° and longitude ~ —17°. On 
the other hand, SM97, modeling the bright cyclotron peaks 
in optical observations, found a colatitude of ~ 60° — 70°. 

As we are unable to say with certainty what the true 
location of the accretion region is, we consider both possibil- 
ities of high and low latitude accretion in the following dis- 
cussion. To proceed we use the mass ratio (q = 0.31; SM97) 
to create a model Roche lobe and white dwarf with a mag- 
netic pole at a given colatitude, /3, and longitude, £. Dipole 
field lines are then constructed passing through a given . 
By varying _R M for a given magnetic pole location, field lines 
can be created that eclipse a given part of the polar system 
at a phase given by features observed in the light curves. Al- 
though Remillard et al. (1991) and SM97 quote the location 
of the accretion region, we use these values for the location 
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Figure 2. UBVR C colour light curves for the six cycles, phased with respect to the ephemeris of SM97. The U and R c band light curves 
are binned in 4 s time bins due to low count rates. The B and V bands are in 1 s bins. Note the vertical scale for the R c -band is smaller 
due to the lower flux in this band. 
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Figure 3. The mean of the six 3 s differential white light curves. 




Figure 4. The amplitude of the rapid brightness change at 
ingress and egress against the brightness of the accretion stream. 
This is shown for both the U and R c band light curves. The stream 
brightness is measured immediately after the steep eclipse ingress 
at 6 = 0.975. 



of the magnetic pole, noting that this will cause accretion 
at a region offset from these values for a given i? M . 



Figure 5. The six white light curves centred on the eclipse by the 
secondary. They have been binned into 20 s, which removes any 
features related to the eclipse of the white dwarf and the accretion 
region, and the secondary contribution has been subtracted. 
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Figure 6. Plot of the geometry of EP Dra consistent with a vari- 
able brightness stream for <f> = 0.98. The magnetic field lines are 
still visible, causing a long stream ingress in the light curves for 
bright stream material confined to these field lines. The magnetic 
pole is located at fi = 18.0° and £ = -17.0° (assuming the values 
for the accretion region in Remillard et al. 1991 are the same as 
the magnetic pole). 



4.2 Stream variations 

The observed stream variations (Figures 1 and 5) are essen- 
tially caused by a change in the visibility of material con- 
fined to the magnetic field lines of the white dwarf. This 
could be caused by an asynchronism in the white dwarf spin 
and orbital periods, causing a changing magnetic field to 
be presented to the incoming accretion stream. However, we 
consider this unlikely due to a lack of a change in the rel- 
ative position of the bright phase and eclipse between the 
observations of Remillard et al. (1991) and SM97. 

Alternatively, there is either a change in the amount of 
bright material on visible field lines or material is located 
on different field lines. These can be caused by a change in 
7i M , from a variation in the mass transfer rate and an in- 
homogeneity in the flow. It is not possible from our data 
to isolate either possibility as the cause, and it is proba- 
ble that both contribute to the observed stream variability. 



Variations in the accretion stream eclipse profile have been 
observed in many eclipsing polars, for example in HU Aqr 
(Glenn et al. 1994; Harrop-Allin et al. 1999; Bridge et al. 
2002) and V895 Cen (Salvi et al. 2002). 

We can estimate _R M from the phase at which visible 
magnetic field lines are completely eclipsed in our geomet- 
ric model. We find that a longer stream ingress requires a 
smaller i? M for a high colatitude accretion region (SM97), 
compared with that from a low colatitude (Remillard et al. 
1991). 

4.3 Trough feature 

We consider two mechanisms that could explain the trough: 
absorption or emission. Absorption would occur from mate- 
rial lost by the secondary, with the initial drop in the light 
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curves resulting from the onset of the absorption. Alterna- 
tively, the feature could be caused by the changing cyclotron 
emission with phase. 

4-3.1 Emission 

SM97 observed a sharp rise to and decline from the bright 
phase (which is indicative of the cyclotron beaming effect) 
in their V-band light curves of EP Dra. The phase range 
of our light curves is much less than that of SM97 so we 
do not observe the same behaviour either side of the eclipse; 
however, the trend of our light curves is consistent with such 
a rise to and fall from maximum. Figure 7 shows our V- 
band light curves with the SM97 figure 1 V-band data from 
1995. The SM97 data has been scaled vertically to show the 
coincidence of the features. 

The wavelength at which the cyclotron emission peaks 
is dependent upon the magnetic field strength of the white 
dwarf, with increasing field strength shifting the peak to 
shorter wavelengths. For EP Dra, the field is ~16 MG 
(SM97) so we would expect the orbital variability to be 
greatest towards redder wavelengths. We therefore expect 
to see a significant change in the shape of the light curves in 
the different colour bands, and hence a prominent feature in 
the colour ratios. As a signature of the cyclotron emission, 
we would expect a sharp peak in the R c -band followed by a 
gradual decline, and conversely in the U-band a more grad- 
ual rise in flux to a maximum at cj> « 0.97, at which point 
the accretion region is eclipsed, as for example in WW Hor 
(Bailey et al. 1988; their figure 1). 

Thus while there is evidently some cyclotron beaming, 
the absence of any significant features in the light curves 
or consistent variations in the colour ratios implies that 
cyclotron beaming is only partially responsible for the ob- 
served light curve shape, and cannot explain the flat light 
curve pre and post eclipse. 

4.3.2 Absorption 

A second possible cause of the trough is absorption by ob- 
scuring material lost from the secondary in an accretion 
flow. This would be supported by the correlation between 
the presence of this feature and the brightness of the stream 
(Section 3.3), and also changes in J? M caused by differing 
amounts of material in the stream (Section 4.2). 

We see a reddening in the U/R c colour ratios during the 
decline in flux in cycle 76 between 4> « 0.88 and 0.89. This 
effect is more pronounced in cycle 78 where there is a signifi- 
cant dip towards the red and rise to the blue again during the 
extended decline between <fi ~ 0.89 and 0.925. In the U and 
B-bands of cycle 62 we see a rise in flux and a corresponding 
decrease in the R c -band at phases corresponding to the end 
of the extended decline in cycle 76. The most likely cause is 
the onset of absorption by material in the accretion stream. 
The increased absorption at shorter wavelengths is contrary 
to the expected free-free absorption in the accretion stream 
(King & Williams 1985), which predicts increasing absorp- 
tion at longer wavelengths (Watson et al. 1995). 

The observed variation of the light curves with the 
colour ratios suggests that the absorption process is likely 
to be bound-free absorption of the Balmer continuum. This 
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Figure 7. The V-band light curves of EP Dra plotted on the 
same phase range as those of SM97 (their figure 1). Over plotted 
as a solid line is their 1995 V-band observation for comparison. 

is predominantly in the U-band, and the variations in the 
colour ratios and light curves are explained by variations in 
the amount and density of material confined by the magnetic 
field lines of the white dwarf. 

4.4 The accretion flow 

The phase of the onset of the trough is later than that of the 
pre-eclipse dip seen in the light curves of HU Aqr (Harrop- 
Allin et al. 1999; Bridge et al. 2002), which was identified as 
the eclipse of the accretion region by the strongly collimated 
accretion stream. This phase is determined by the geometry 
of the field lines carrying the accreting material, so a differ- 
ence between systems is not unexpected. While the onset of 
the trough feature is consistent with an eclipse caused by the 
accretion stream, an extended accretion curtain would cause 
absorption over an extended phase range (previous section) , 
and produce the observed flat light curves during the trough 
(Figures 1 and 2). The extent of this accretion curtain can 
be estimated using the eclipse light curve features and the 
geometric model introduced earlier. 

A value of 7? M can be estimated by varying the parame- 
ter until the field lines begin to eclipse the accretion region, 
at the phase set by the start of the trough in the light curve. 
For those cycles with brighter streams and accretion regions, 
where the onset of the trough is earlier, we find values of 
~ 0.14a (for (3 = 65°) and 0.19a (for (3 = 18°). For those 
cycles where the onset of the trough is later at 4> = 0.90, we 
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find R„ ~ 0.16a (for f3 = 65°) and 0.22a (for f3 = 18°). The 
outer edge of the curtain, where material threads closest to 
the secondary, can be estimated from the end of the egress of 
bright stream material around = 1.1, and is independent 
of [3. This assumes there is no significant continuum emis- 
sion from the ballistic section of the accretion stream, where 
material is expected to be faint and cooling as it falls. For 
those cycles where the bright stream egress is clearly seen, 
we find a value of ~ 0.42a. For those cycles with fainter 
streams the egress of the stream is not seen. We therefore 
infer that brighter streams result in a wider accretion cur- 
tain, with more material in the accretion stream penetrating 
further into the magnetosphere. 

For faint stream cycles a decline in flux is seen imme- 
diately before the eclipse of the accretion region (see Sec- 
tion 3.2). This could be due to the eclipse of stream ma- 
terial which is threading early in the trajectory, and which 
should emit through magnetic heating. Alternatively the de- 
cline could be caused by absorption by material along the 
line of sight to the white dwarf and accretion region (see 
Section 4.3). 

The trough is absent in the observations of Remil- 
lard et al. (1991) and SM97. The stream also appears to 
be fainter in both previous observations, although this may 
be due to the poorer sampling. The lack of a bright stream 
may be the cause of this absence of a trough in their light 
curves, if the two are linked as we suggest. 

An extended accretion curtain with material being 
threaded at different i? M would allow material to accrete over 
an extended region on the white dwarf. The foot points of 
the field lines form an arc shape on the white dwarf surface. 
Such an extended accretion region would be consistent with 
the optical cyclotron models of SM97 which show evidence 
for an accretion arc or ribbon. 



5 CONCLUSIONS 

We have analysed the first high signal-to-noise ratio and high 
time resolution data of EP Dra taken on two consecutive 
nights at the WHT using S-Cam2. The eclipse light curves 
show variability in the accretion stream and accretion region 
over the timescale of the orbital period. We see no direct 
evidence in the light curves for the expected rapid eclipse 
of a small accretion region on the white dwarf. The rapid 
eclipse seen in the light curves is a combination of emission 
from the white dwarf photosphere and the accretion region. 
We see evidence for the variability of the accretion region 
from the variation in brightness of the rapid eclipse ingress 
with the varying accretion stream brightness. 

Variability seen in the light curves on a longer timescale 
is influenced to some extent by cyclotron beaming. However 
from the colour dependence, there is probably also a contri- 
bution from absorption, and this is seen as a trough in the 
light curves of the second night. We attribute the absorp- 
tion to bound-free absorption by material in an extended 
accretion curtain obscuring the accretion region and white 
dwarf. There may also be significant absorption by material 
located close to the white dwarf above the accretion region. 

Accreting material is threaded onto many field lines 
along the accretion stream trajectory, and the location in 
phase of the onset of the trough or absorption dip provides 



an estimate of the location of the edge of the accretion cur- 
tain. Variations in the brightness of the accretion stream 
seen after the ingress of the white dwarf and the accretion re- 
gion are caused by a change in the location of bright stream 
material in the accretion curtain and/or a change in the ex- 
tent of the curtain. From the extent of the accretion curtain 
we infer the presence of an extended accretion arc at the 
foot points of the accreting field lines, however this region 
is still small compared with the size of the white dwarf. 
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